U ltra-high-molecular-weight polyethylene (UHMWPE) components for total joint replacement generate wear particles which cause adverse biological tissue reactions leading to osteolysis and loosening. Sterilisation of UHMWPE components by gamma irradiation in air causes chain scissions which initiate a long-term oxidative process that degrades the chemical and mechanical properties of the polyethylene. Using a tri-pin-on-disc tribometer we studied the effect of ageing for ten years after gamma irradiation in air on the volumetric wear, particle size distribution and the number of particles produced by UHMWPE when sliding against a stainless-steel counterface.
Osteolysis and subsequent loosening as a result of the generation of wear particles are now recognised as a major cause of long-term failure in total joint arthroplasty. Livermore, Duane and Murray 1 have shown a positive correlation between the amount of resorption of the proximal part of the femur and wear, and tests in vitro [2] [3] [4] have demonstrated that the macrophage response to particulate wear debris is dependent on the number and size of particles. These studies have shown that cells are more reactive to small phagocytosible particles and irregularly shaped particles than to larger and more regularly shaped particles. 3, 4 It is therefore important to reduce the wear volume of ultrahigh-molecular-weight polyethylene (UHMWPE) and the number of wear particles to improve the long-term clinical performance.
The volume, size, morphology and concentration of the wear particles produced are likely to depend on tribological factors such as the properties of the material and the loads and movements experienced at the contact surfaces. The smooth hard counterface (typically Ra = 0.01 to 0.05 m) slides against a concave surface producing UHMWPE wear particles by adhesive and fatigue wear. Many particles of various sizes are produced in each cycle. The wear rates and volumes increase dramatically as the femoral counterface becomes roughened due to third-body damage; the counterface asperities remove particles by abrasive actions or by low cycle fatigue. 5 A second wear process that may produce larger polyethylene particles 5 is called 'macroscopic polymer asperity wear' and is associated with cyclic deformation and strain accumulation of much larger asperities (up to 10 m high) on the polymer surfaces. Evidence from explanted acetabular cups [6] [7] [8] has shown that fatigue failure of the polymer surface just below the asperity (=5 m deep) can produce long fibres or cigar-shaped particles of up to 100 m in length. Most polyethylene wear particles are submicron in size. 9, 10 Until recently, sterilisation of UHMWPE was by gamma irradiation in the presence of air causing the generation of free radicals which then initiated a series of long-term oxidation reactions. The degree of oxidation in polyethylene has been shown to depend on the dose of radiation, 11 the post-irradiation age 12 and the environmental conditions. 11, 13, 14 Studies have indicated that it causes deterioration of important mechanical properties such as tensile strength, 15 impact strength, 16 toughness, fatigue strength 16, 17 and Young's modulus. These time-dependent changes have been shown to affect the volumetric wear. 18, 19 Our aim was to compare quantitatively the wear debris generated from UHMWPE that had been sterilised by gamma irradiation and aged in air, with that generated from UHMWPE which had not been irradiated.
Materials and Methods
UHMWPE (grade RCH 1000 GUR1120) wear pins were machined from acetabular cups (DePuy International Ltd, Leeds, UK) that had been gamma irradiated at the standard 2.5 Mrad and left to age in a sterile environment of air for ten years. Wear pins were also machined from acetabular cups made from the same material matched for type and specification which had not been irradiated. Eight pins were machined from each type of material: six were used as wear pins, and two as soak control pins to monitor changes due to the hydrophilic nature of polyethylene. After initial cleaning, the pins were left to soak in deionised water for 14 days to stabilise their moisture content. They were prepared so that the position of the wear surface at the start of the test was 1 mm below the initial wear surface of the acetabular cup in clinical use. Previous oxidation profiles for irradiated and aged UHMWPE, determined by FTIR spectroscopy, have shown that the region of maximum oxidative degradation is at a depth of between 0.5 mm and 2 mm into the acetabular cup. 17, 19 We used a tri-pin-on-disc unidirectional tribometer. 18 The cylindrical polyethylene wear pins had a conical tip with a 3 mm diameter flat wear surface. In each test, three pins of the same material were run on a slightly roughened (Ra = 0.07 m) stainless-steel counterface. Six tests were performed for each material and the lubricating fluid was collected and stored for the isolation and quantification of debris. The duration of each test was between 24 and 30 hours for the aged irradiated material and 48 hours for the non-irradiated material. The longer duration test was for material with a lower wear rate but had no effect on the size of particles produced. Bovine serum diluted to 25% (v/v) by adding 0.1% (w/v) sodium azide solution was used as the lubricant for all tests. The load on each pin was 80 N, giving a stress of 12 MPa at the contact surfaces. The surfaces were sliding at a speed of 80 mm/s. Wear factors (wear volume (mm) 3 ) per unit load (N) per unit sliding distance (m)) were determined by weight loss as previously described. 20 The wear particles were isolated from the lubricant by a multistage digestion method using potassium hydroxide, chloroform/methanol extraction and centrifugation. 21, 22 This allowed the supernatant containing the wear debris to be filtered sequentially through preweighed polycarbonate filters of 10 m and 0.1 m. The filters were dried and weighed to obtain the mass of debris in each of the two size ranges. This method was designed to collect all the wear particles greater than 0.1 m onto the filters, the membranes of which were then coated with gold and scanned by SEM. Magnifications of from 3000 up to 20 000 were used to detect the boundaries of the very small particles. The distribution of particle size was obtained using image analysis (Image pro-Plus; Media Cybernetics, Datacell Ltd, Maidenhead, UK). SEM micrographs were taken from at least three distinct regions on each filter membrane. Particles in each region were analysed and a mean particle size distribution was calculated. An average of 2000 particles was counted from each sample. The mass and frequency distributions as a function of size were determined from the SEMs by two-dimensional particle analysis. Initial analysis used an estimate of the total surface area of particles on the 0.1 m filter membrane and the mass of debris on the filter membrane to estimate the mean thickness of 0.4 m of the wear particles. The total number of particles was determined using this mean thickness, the mean area of particles, the density of polyethylene and the mass of debris on the filter membrane as follows:
where N is total number of particles on the filter membrane, M is the mass of debris on the filter membrane, is the density of polyethylene, Ā is the mean area of the wear particles and t is the mean thickness of the particles.
Particle size and shape were defined by length, area and aspect ratio (length/width). We also used qualitative descriptions.
Results
The aged irradiated polyethylene material wore significantly (six times, p < 0.05) more than the non-irradiated polyethylene acetabular cup as shown by the mean wear factors in Figure 1 .
The percentage mass distribution of the wear particles between the two ranges of size (0.1 to 10 m, > 10 m) was similar for both materials. Particles less than 10 m in size accounted for 78% of the mass of the aged irradiated The mean wear factors (+ 95% confidence limit) for the aged and irradiated (Ai) and non-irradiated (Ni) material. debris and for 71% of the mass of the debris from the nonirradiated material. We compared the mass of the wear debris recovered after filtration with that expected to be present in the lubricant from the calculations of the weight loss of the pins. The total mass loss due to polyethylene wear in a test station containing three wear pins was 2 mg for the aged irradiated material and 0.5 mg for the unsterilised material. For the non-irradiated material the mean proportion of debris recovered was 75% while for the aged irradiated material it was 70% (60% to 100%).
Initial qualitative analysis of micrographs of the wear debris on the 0.1 m and 10 m filters suggested that particles produced from both materials were similar in morphology. The smaller particles were regularly shaped granules, while the larger particles (>10 m) appeared to be a cohesion of many small particles and very irregular in shape.
The calculated mean aspect ratios (length/width) of the wear particles were 2.0 and 2.6 for the unsterilised and aged irradiated UHMWPE, respectively. The mass and number distributions with respect to size of the wear particles for both materials are shown in Figures 2 to 5 . The size distributions ranged from 0.1 to 0.5 and the percentage number in this size range was higher (85%) for the aged irradiated material than for the non-irradiated material (65%). In terms of particle size and particle area both analyses showed that in the lowest size range the percentage mass and percentage number of particles were greater for the aged irradiated material. Mean percentage mass (+ 95% confidence limit) as a function of particle length. Mean (+ 95% confidence limit) percentage distribution of the total number of particles as a function of particle length. Less than 0.1% of the particles were greater than 10 m in length and have not been included. Mean (+ 95% confidence limit) percentage mass as a function of particle area. Mean (+ 95% confidence limit) percentage distribution of the total number of particles as a function of particle area.
volume of wear was estimated to be (24 ± ‫ן)6‬ 10 9 per mm 3 which was significantly higher (5.5 times, p < 0.05) than that ((4.4 ± 0.7) ‫ן‬ 10 9 per mm 3 ) for the non-irradiated material (Fig. 8) .
Combining the increased wear rate and the number of particles per unit wear volume allowed the total number of particles produced per unit load per unit sliding distance to be calculated. This was defined as the wear particle factor; for the aged irradiated material it was 30 ‫ן‬ 10 3 particles/ Nm which was 34 times higher (p = 0.07) than the value for non-irradiated material (884 particles/Nm; Fig. 9 ).
Discussion
Our study has compared the wear debris released in vitro from polyethylene materials which have had different sterilisation treatments. We have shown that gamma-irradiated and aged UHMWPE generated many times more wear particles than UHMWPE which had not been sterilised.
The increase in the number of particles produced was attributed to both the increase in wear rate and the different particle size distribution which led to a significantly greater number of wear particles per unit wear volume. Analysis of the percentage frequency distribution of the particle size, as has been common practice in the literature, did not show a substantial difference in the particles. It was necessary to determine the mass distribution and total number of particles produced per unit wear volume in order to establish this difference. We also defined a wear particle number factor (number/Nm) to allow comparison of the number of wear particles produced per unit load per unit sliding distance from different wear tests. Larger particles accounted for a reasonable proportion (26%) of the mass of the debris. Although they contributed little to the percentage frequency distribution, they did influence the total number of particles produced per unit volume of wear debris. This method of analysis shows that the total number of particles produced is sensitive to both Mean (+ 95% confidence limit) number of particles generated per load per unit sliding distance for aged and irradiated (Ai) and non-irradiated (Ni) polyethylene.
the mass and size distribution of the debris.
A simple configuration wear tester cannot fully replicate the time-dependent loading and multidirectional friction force found in hip prostheses in vivo. In our study we performed the simple configuration wear tests in a format to reproduce realistic wear rates. We used slightly roughened counterfaces which produced wear factors of the order of 10 -6 mm 3 /Nm, which are representative of clinical wear rates. The slightly roughened counterface (R a = 0.07 m) represented femoral heads that had been damaged in vivo. The particle size distributions produced in our tests had modes in the range 0.1 to 0.5 m which were similar to distributions found for particles from retrieved tissues of failed prostheses.
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Conclusion. We have shown that for the same sliding distance and load, UHMWPE that had been sterilised by gamma irradiation and aged for ten years produced greater wear volume (six times) and more wear particles (34 times) than non-irradiated UHMWPE. No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article.
